Monosodium glutamate (MSG) has a multifaceted, unusual taste to humans. Rats and other rodents also detect a complex taste to MSG. Responses of the chorda tympani nerve (CT) to glutamate applied to the front of the tongue were recorded in 13 anesthetized rats. Whole-nerve responses to 30 mM, 100 mM and 300 mM MSG mixed with 300 mM sucrose were recorded before and after adding 30 µM amiloride to the rinse and stimulus solutions. Responses of CT single fibers were also recorded. Predictions from models of whole-nerve responses to binary mixtures were compared to the observed data. Results indicated that MSG-elicited CT responses have multiple sources, even in an amiloride-inhibited environment in rats. Those sources include responses of sucrose-sensitive CT neural units, which may provide the substrate for a sucrose-glutamate perceptual similarity, and responses of sucrose-insensitive CT neural units, which may respond synergistically to MSG-sucrose mixtures.
Introduction
In humans, the taste of monosodium glutamate (MSG) differs from the basic sweet, salty, sour or bitter tastes (Schiffman et al., 1980; Kawamura and Kare, 1987; Hettinger et al., 1996; Halpern, 2002; Ikeda, 2002; Lindemann et al., 2002) . Yet, humans and other species also perceive similarities between MSG and basic taste stimuli.
Hamsters and rats perceive similarities between MSG and NaCl, likely by recognizing the taste of the sodium ion. These rodents also perceive similarities between MSG and sucrose when the Na + -specific taste, thought to be mediated by an epithelial sodium channel (ENaC), is reduced with amiloride (Stapleton et al., 2002) . MSG activates chorda tympani (CT) neurons that respond best to sucrose and other neurons that respond to NaCl in hamsters and mice (Yamamoto et al., 1988 (Yamamoto et al., , 1991 Ninomiya and Funakoshi, 1989a,b; Hettinger and Frank, 1990) . Separate candidate molecular taste receptors for sweet and umami taste stimuli have been identified for humans with homologous taste receptors identified for rats and mice (Chaudhari et al., 2000; Li et al., 2002; Nelson et al., 2001 Nelson et al., , 2002 Damak et al., 2003; Zhao et al., 2003) . Thus, MSG may stimulate separate receptors for Na + , sugars and glutamate (amino acids) in taste bud cells that activate the CT in rats.
The rat CT responds strongly to umami substances, and amiloride, an ENaC blocker, strongly inhibits responses of a subset of rat Na + -specific CT neurons (Ninomiya and Funakoshi, 1988) . The result is a small amiloride-insensitive response to MSG (Yamamoto et al., 1991) . Given nonhalide sodium salts typically produce little or no CT response after amiloride (Formaker and Hill, 1988) , glutamate, rather than sodium, is the likely source of the remaining CT response. Furthermore, when the rat's tongue is treated with amiloride solutions greater than or equal to 30 µM, the specific behavioral identification of Na + is lost (Hill et al., 1990; Spector et al., 1996; Sako et al., 2000) . Thus, with amiloride present, MSG would primarily activate sugar and glutamate (amino-acid) taste receptors in the rat.
Models have been developed that use responses of the multiple fibers in a taste nerve to binary mixtures to identify the number of sources that independently contribute to a neural response (Hyman and Frank, 1980a,b; Formaker and Frank, 1996) . One model, stimulus substitution, assigns mixture responses to a single source; the other model, response additivity, assigns mixture effects to two independent sources. Results that fall outside the range of the predictions of these two models suggest mixture interactions such as inhibition, if observed responses are lower than stimulus substitution, or synergy, if observed responses are greater than response additivity.
Rat CT whole-nerve responses were recorded to binary mixtures of MSG and sucrose with amiloride added to all solutions and predictions from models of binary mixtures were compared to the observed data. Responses of CT single fibers to MSG, in the presence of amiloride, and sucrose were recorded to determine whether glutamate and sucrose individually activated identical or distinct classes of CT neurons. The studies address the generation of a glutamate taste by the CT of rats (Sako et al., 2000) .
Materials and methods

Subjects
Electrophysiological responses were recorded from the right CT nerve of 13 adult male Sprague-Dawley rats: wholenerve data were collected from eight animals; single-fiber data were collected from five animals. Animals were purchased from Charles River Labs and were individually housed in the vivarium facilities at the University of Connecticut Health Center. The vivarium was maintained at 21°C on a 12 h light-dark cycle (lights on at 07.00). All animals were allowed ad libitum access to tap water and Agway Pro-Lab 3000 rodent diet.
Surgical procedure
Rats were initially anesthetized with an intraperitoneal injection of sodium pentobarbital (75 mg/kg) and subsequent injections (30 mg/kg) were given as needed to maintain a surgical level of anesthesia. Body temperature was regulated at 36-37°C with an electronic warming plate or a Deltaphase ® isothermal pad (Braintree Scientific). A tracheal cannula was implanted and the hypoglossal nerve was transected bilaterally to prevent tongue movements. With the animal secured in a non-traumatic head holder, the right CT nerve was exposed using a mandibular approach. The CT was cut near its entrance to the tympanic bulla, dissected free of surrounding tissue, desheathed and placed on a nichrome wire recording electrode with an indifferent electrode placed in nearby tissue for whole-nerve recordings. For single-fiber recordings, the CT was further subdivided into fine strands and each strand was placed on the nichrome wire electrode.
Electrophysiology
Multi-fiber neural activity recorded from the whole nerve was differentially amplified, observed with an oscilloscope and audio monitor, squared, filtered (200 ms time-constant), and displayed on a chart recorder. Examples of raw recordings are shown in Figure 1 . A transient off response often coincided with the stimulus rinse after solutions containing MSG. Off responses have previously been reported for the rat CT with rinses following other stimuli, such as sucrose (Yamamoto and Kawamura, 1974) and hydrochloric acid (DeSimone et al., 1995) .
Whole-nerve response magnitudes were quantified as the average of three response heights measured at 2, 4 and 8 s after stimulus application (Figure 1 ). This measure of neural response positively correlates (r = 0.99, P < 0.05) with the total area under an 8 s response curve (measured using ImageTool, a program developed at the University of Texas Health Science Center at San Antonio, available at http:// ddsdx.uthscsa.edu/dig/itdesc.html). Thus, this average response measure is highly predictive of a fully integrated measure of whole-nerve activity.
In single-fiber experiments, responses of functional strands were recorded by a Vetter VCR for subsequent offline analyses. Single fiber responses were identified using a PC equipped with RC Electronics' Enhanced Graphics Acquisition and Analyses (EGAA) system. The EGAA system discriminates, counts and graphs single-fiber response trains via its wave shape recognition and histogram analysis modules. Uniform amplitude and waveform shape identified each single fiber for analysis (Figure 2 ).
Gustatory stimuli
Whole-nerve recordings
Taste stimuli were presented via a gravity flow system at a rate of 2 ml/s for ~10 s followed by a 45 s or longer rinse. The anterior tongue projected through a rubber dam into a glass flow chamber. Compounds were reagent grade, dissolved in distilled water or an aqueous solution of 30 µM amiloride hydrochloride, and presented at room temperature (21°C). Stimuli were presented first without amiloride using water rinses and then again with amiloride using amiloride rinses. When the procedure involved amiloride, 30 µM amiloride was pre-rinsed over the tongue for 2 min and the 30 µM amiloride solution was used as the rinse between stimulus applications. Stimuli consisted of a concentration series (30, 100 and 300 mM) of MSG and sucrose, and the binary combinations of 300 mM sucrose with all concentrations of MSG; 1.0 M sucrose was also used in the sucrose concentration series as it was needed to generate response model predictions for the mixture analysis. Binary-component stimuli were prepared such that the concentration of each component in the mixture was the same as its concentration when presented alone.
Single-fiber recordings
Taste stimuli were presented with a 1 cc syringe modified with a number 23 gauge, 1.5″ blunt needle. Approximately 0.5 ml of each stimulus was applied to the anterior tongue followed ~10-20 s later by two 1 cc distilled water rinses. Stimuli included 300 mM sucrose, 100 mM MSG and 100 mM MSG dissolved in an aqueous solution of 30 µM amiloride.
Data analyses
Whole-nerve recordings
Only responses from stable recordings were included in the data analysis. The integrity of each preparation was monitored by periodic application of 500 mM NH 4 Cl. The NH 4 Cl, applied at the beginning and end of each stimulus concentration series, was chosen as the standard stimulus because it elicits reliable responses from the rat CT, it has been used previously as a standard and, of the salts tested, is the least affected by amiloride (Hill and Bour, 1985; Lundy and Contreras, 1997) . A recording for a concentration series was considered stable if the steady-state responses to NH 4 Cl that bracketed the series deviated by <15%. Multi-fiber responses were expressed relative to the mean of the two NH 4 Cl standards bracketing the test concentration series. The relative response data for the sucrose and MSG concentration series and the MSG-sucrose binary mixtures were analyzed using repeated-measures ANOVA with stimuli, concentration and presence of amiloride as factors in the analyses; post hoc tests used the Newman Keuls (NK) test.
In order to identify limits of mixture responses attributable to a single source (stimulus substitution) or two independent sources (response additivity; Hyman and Frank, 1980a) , two derived data sets were also computed for MSGsucrose mixtures with amiloride present. The data set for the stimulus substitution model was derived from CT responses to the sucrose concentration series (Figure 3) . This model presumes that responses to glutamate-sucrose mixtures are due to activation of the same single pathway from sugar receptor to nerve. For each animal, response magnitudes for each MSG component were matched to sucrose response magnitudes. The sucrose concentration eliciting a response equal to the MSG response was then added to 300 mM and a predicted single-pathway mixture response was identified for the summed concentration. For example in Figure 3 , the response to 0.1 M MSG matched the response to 0.14 M sucrose and thus, the response to 0.44 M sucrose was used for the stimulus substitution prediction. Therefore, predicted MSG-sucrose mixture responses for each animal were calculated by assuming that the glutamate component contributed to the CT response in the same manner as an equivalent concentration of sucrose (i.e. stimulus substitution). Calculations were performed in Microsoft Excel using two-point interpolations with a linear response axis and logarithmic concentration axis (Figure 3) , methods similar to those used previously except that semi-logarithmic fits were used for data from each individual animal rather than power functions for mean data (Hyman and Frank, 1980a) .
The data set for the response additivity model was derived from CT responses to the mixture components. This model presumes that responses to glutamate-sucrose mixtures are due to activation of two separate pathways: one from sugar receptor to nerve and one from glutamate receptor to nerve. Predicted MSG-sucrose mixture responses for each animal were calculated by assuming that the sugar and the glutamate component contributed independently to the CT response. Thus, to obtain the predicted MSG-sucrose mixture response using response additivity the two CT responses to the individual components in each mixture were simply added together for each animal.
The mixture response models were evaluated along with the observed data using a repeated-measures ANOVA, with response (predicted by stimulus substitution, predicted by response additivity, and observed) and concentration as the within subjects factors in the analysis; post hoc tests used the NK test.
Single-fiber recordings
The set of fibers analyzed here are a subset (35%) of a larger fiber population and specifically chosen to help in the interpretation of whole-nerve responses to MSG-sucrose mixtures with amiloride present. Thus, the set included fibers that responded to sucrose and/or MSG, but the responses were not inhibited by amiloride. Inhibition by amiloride was defined as a >50% reduction in MSG response with 30 µM amiloride present.
A 5 s response measure was chosen for the single fibers because at least 5 s of spontaneous activity was recorded in all fibers prior to stimulus onset. A response was defined by the number of impulses in the first 5 s after stimulus onset and was compared to spontaneous activity, defined as the number of impulses in the 5 s immediately preceding stimulus onset. A fiber was considered stimulus activated if its response to the stimulus was greater than the fiber's mean 5 s spontaneous impulse rate plus 3 SE. Spontaneous rates and response rates to the various stimuli in subsets of fibers were evaluated by ANOVA or t-tests.
Results
Whole nerve
Amiloride (30 µM) suppressed CT responses to MSG and MSG-sucrose mixtures (P < 0.01) but did not significantly alter responses to sucrose, as revealed by analysis of the significant stimulus by amiloride treatment interaction [F(2,14) = 31.45, P < 0.001] (Figure 4) . Analysis of the significant three-way, stimulus by concentration by amiloride treatment interaction [F(4,28) = 38.56, P < 0.0001] revealed that responses to MSG were greater than responses to sucrose at all concentrations before amiloride treatment; however, following amiloride treatment, MSG and sucrose responses were similar at 30 and 100 mM, but responses to sucrose were slightly larger at 300 mM (P < 0.05). Whether amiloride was present or not, responses to the binary mixtures were greater than responses to either mixture component alone ( Figure 5 ). Thus, inhibition was not observed for the MSG-sucrose mixtures. Figure 6 illustrates the mean observed neural responses to mixtures of the three concentrations of MSG with 300 mM sucrose in the presence of amiloride and two hypothetical response functions, one predicted by response additivity (open squares) and the other predicted by stimulus substitution (open circles) (Hyman and Frank, 1080a) . Analysis of the significant model by concentration interaction [F(4,28) = 9.83, P < 0.0001] revealed that the fit of the individual models to the observed mixture data changed as a function of MSG concentration. At all three concentrations of MSG, the observed responses were significantly greater than responses predicted by stimulus substitution (P < 0.001); thus none of the mixture responses could be attributed to a single process. At 30 mM MSG, a point where responses predicted by the two models were similar, observed responses to the mixture were significantly greater than the responses predicted by response additivity (P < 0.001). Predictions of the two models diverged at 100 mM MSG (P < 0.001), but both remained significantly smaller than observed mixture responses (P < 0.05 for the response additivity model and P < 0.001 for the stimulus substitution model). At 300 mM MSG, observed mixture responses were similar to predictions for response additivity. Thus, at low MSG concentrations, MSG-sucrose mixtures elicited responses above the range predicted for two independent processes, suggesting synergy or enhancement. However, as more MSG was added to the mixture, MSG-sucrose mixture responses more closely resembled independent processes. Figure 7 illustrates response profiles for 14 CT fibers that responded to 300 mM sucrose and/or 100 mM MSG, but were not inhibited by 30 µM amiloride. All seven sucrosesensitive fibers also responded to MSG. The responses to sucrose, MSG and MSG plus amiloride all exceeded the average spontaneous rate by >3 SE and impulse rates to the three stimuli were statistically equivalent in sucrose-sensitive fibers. The other seven fibers were sucrose-insensitive; the responses to MSG and MSG plus amiloride met the same response criterion. In these fibers, response rates to the two presentations of MSG (+ amiloride, -amiloride) were statistically equivalent. There were no fibers that responded to 300 mM sucrose that did not also respond to 100 mM MSG (+ amiloride).
Single fibers
On average across the three stimuli, sucrose-sensitive fibers responded at higher rates than sucrose-insensitive fibers [F(1,12) = 12.12, P < 0.005]. Mean (± SEM) response rates to MSG with amiloride (56 ± 10 versus 27 ± 4.7 impulses), P = 0.005; MSG without amiloride (65 ± 18 versus 31 ± 4.9), P = 0.007; as well as the mean response rates to sucrose (67 ±1 4 versus 3 ± 1.1), P = 0.0001, were significantly greater in sucrose-sensitive fibers than sucrose-insensitive fibers. Sucrose-sensitive fibers also had significantly higher average spontaneous rates than sucrose-insensitive fibers (16 ± 3.8 versus 5 ± 3.8 impulses), t(12) = 2.60, P = 0.05. Thus, sucrose-sensitive fibers were more reactive as a group than sucrose-insensitive fibers.
In the whole nerve, fibers responding to MSG and sucrose would likely contribute to MSG-sucrose mixture responses as a single source and conform to the stimulus substitution model, as do mixtures of two sweeteners (Hyman and Frank, 1980a) . However, the MSG-responsive fibers that were insensitive to sucrose would contribute an additional independent, additive, component to the MSG-sucrose mixture responses of the whole nerve. Thus, the fact that MSG activates sucrose-sensitive and sucrose-insensitive CT fibers helps explain the failure of the stimulus substitution model for MSG-sucrose mixtures in amiloride. However, based solely on the effects of the individual components on the two groups of CT neural units, the observed mixture response would have been expected to fall between stimulus substitution and response additivity.
Discussion
Behavioral and neurophysiological data support the idea that the taste of MSG has a complex quality attributable in part to the sodium cation and in part, to the glutamate anion in rodents such as rats, hamsters and mice (Yamamoto et al., 1988 (Yamamoto et al., , 1991 Ninomiya and Funakoshi, 1989a,b; Hettinger and Frank, 1990; Hill et al., 1990; Stapleton et al., 2002) . To probe the source of glutamate's effect on rat CT responses, MSG-sucrose mixtures were studied after blocking ENaC with amiloride. Multiple sources contributed to the CT response to MSG in the presence of amiloride.
Stimulation with MSG, like quinine, is associated with decreases in intracellular cyclic adenosine monophosphate (cAMP) concentration (Yan et al., 2001; Abaffy et al., 2003) , 
Figure 7
Response profiles for 14 CT fibers sensitive to 100 mM MSG after amiloride treatment. Fibers were divided into two groups based on sensitivity to 300 mM sucrose and were arranged from left to right in descending order according to MSG with (+) amiloride sensitivity. Raw data traces for fibers U27 and U28 are illustrated in Figure 2. whereas sucrose stimulation is associated with increases in cAMP concentration (Striem et al., 1989 (Striem et al., , 1991 . If these intracellular responses occurred in the same cell, responses to MSG or quinine might well be antagonistic to sucrose and inhibit sucrose responses in taste receptor cells that drive the CT; responses to MSG-sucrose mixtures would be smaller than responses to sucrose alone. However, this was not the case; unlike quinine (Formaker and Frank, 1996; Formaker et al., 1997) , glutamate's effects did not appear to include inhibition of CT responses to sucrose, whether amiloride was present or not.
Because similarities are perceived in the tastes of sucrose and MSG in the presence of amiloride by rats, another possibility was that glutamate, like sugars and some other amino acids, would activate taste receptors that respond to sucrose, such as the heterodimeric T1r2-3 complex (Yamamoto et al., 1991; Li et al., 2002; Nelson et al., 2002; Stapleton et al., 2002; Damak et al., 2003; Zhao et al., 2003) . Credence is given this hypothesis by the occurrence of glutamate responses in all sucrose-sensitive CT nerve fibers in our sample. However, evidence that T1r2-3 is not sensitive to glutamate (Li et al., 2002) argues against this possibility. The current results could also be explained by postulating the coexistence of candidate T1r2-3 sugar and T1r1-3 glutamate receptors on the same taste-receptor cell (TRC), but experimental evidence in mice argues against this possibility (Nelson et al., 2001) . Finally, convergence of a TRC expressing T1r2-3 and another, independent, TRC expressing T1r1-3 onto a single CT nerve fiber could also explain the current results.
CT responses to MSG-sucrose mixtures were all larger than responses predicted by stimulus substitution. Stimulus substitution would prevail if two mixture components were both ligands for the same receptor(s) and not ligands for other receptors. The possibility that more than one receptor is activated by MSG presented with amiloride is supported by the single-fiber results showing there are two functional classes of amiloride-insensitive, glutamate-sensitive, CT fibers, one that responds to sucrose and another that does not. Thus, MSG in the presence of amiloride activates a class of CT neural units beyond those units sensitive to sucrose. Those units may be driven by TRCs expressing glutamate receptors and not sugar receptors, a postulate supported by experimental evidence (Nelson et al., 2001) .
There were no rat CT neurons in the current data set that responded to sucrose that did not also respond to glutamate. It would be interesting to know if the highly reactive sucrose-best neural units of the rat greater superficial petrosal nerve (GSP) also respond to MSG. Rat GSP units are much more responsive to sucrose than rat CT units, which are rarely sucrose-best, unlike mouse and hamster CT units (Hyman and Frank, 1980a,b; Frank et al., 1983; Hill, 1998, 2001 ). Compared to the CT, GSP neural units may be more extensively and specifically activated by T1r2-3 sugar receptors in rats.
If glutamate were a ligand for two or more independent receptors, e.g. the candidate taste-mGluR4, heterodimeric T1r1-3 and T1r2-3, for which sucrose also is a ligand, the CT response to MSG-sucrose mixtures (in amiloride) would be greater than the prediction for stimulus substitution (i.e. one receptor for both ligands) but less than the prediction for response additivity (i.e. separate receptors for each ligand). However, CT responses to the mixture of 300 mM sucrose with 300 mM MSG equaled the prediction for response additivity; furthermore, CT responses to mixtures of sucrose with 30 and 100 mM MSG exceeded response additivity predictions. These results indicate mixture responses cannot be explained on the basis of component responses alone and suggest a synergistic mixture interaction between sucrose and MSG. A potential source of that synergy argues against a model based on mouse data that has sugar and glutamate receptors in separate TRCs operating independently (Zhao et al., 2003) ; this difference may reflect species variation.
Synergy was recently observed in a subset of sucroseinsensitive rat CT fibers when the tongue was stimulated with a mixture of 5 mM L-amino-4-phosphonobutyrate (LAP4) and 100 mM sucrose (Sako et al., 2003) . LAP4 is an agonist for the type 4 metabotropic glutamate receptor (mGluR4); a truncated version, taste-mGluR4, is found in taste tissue (Chaudhari et al., 2000; Sako et al., 2003) . No LAP4-sucrose synergy was seen in sucrose-sensitive CT fibers. Thus, it is possible that the sucrose-insensitive, glutamate-responsive, CT fibers would show synergy when the MSG-sucrose mixture is applied to the tongue; conversely, sucrose and glutamate sensitive fibers would not. If sucrosesensitive and sucrose-insensitive CT units were activated by identical glutamate receptors, both groups of units would likely show synergy to the sucrose-glutamate mixture. Thus, glutamate is probably a ligand for more than one taste receptor in rats.
In summary, analysis of MSG-sucrose mixtures reveals that the sources of MSG-elicited CT responses in rats are multiple, even in an amiloride-inhibited environment. Glutamate-sensitive CT neural units that also respond to sucrose and their associated receptors may generate the portion of the glutamate response that is the basis for a sucrose-glutamate perceptual similarity (Yamamoto et al., 1991; Chaudhari et al., 1996; Stapleton et al., 1999; Heyer et al., 2003) . However, less-reactive sucrose-insensitive CT neural units and their associated receptors may respond synergistically to glutamate-sucrose mixtures and dominate mixture responses yielding levels of activity that exceed predictions consistent with two independent sources. These latter neural units may contribute to the unique taste of MSG in rats.
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